Subretinal injections of human retinal pigment epithelial (RPE) cells early in the course of retinal degeneration in Royal College of Surgeons (RCS) rats can rescue photoreceptors. Fourteen injected animals were studied using a double flash electroretinogram (ERG): 10 were examined longitudinally and four terminally with immunohistochemistry. The proportion of cone contribution to the ERG b-wave rather than the absolute size of isolated cone response proved to be a reliable indicator of function over time and a predictor of the proportion of cones identified anatomically in the area of optimal photoreceptor rescue.
Introduction
The Royal College of Surgeons (RCS) rat has a recessive mutation in the gene encoding for the receptor tyrosine kinase, Mertk (DÕCruz et al., 2000) . As a result, retinal pigment epithelial (RPE) cells fail to phagocytose shed rod outer segments effectively and photoreceptors subsequently die (Bourne, Campbell, & Tansley, 1938; Dowling & Sidman, 1962) . This pathology is autologous to a recently discovered form of retinitis pigmentosa (Gal et al., 2000) , and by virtue of the RPE defect being the primary cause of the degeneration, can serve as an analogous model of some aspects of age related macular degeneration. The RCS rat has been used extensively to understand retinal degeneration and develop potential treatments such as growth factor delivery (Machida et al., 2001) , gene therapy (Vollrath et al., 2001 ) and cell based therapies (Li & Turner, 1991; Lund et al., 2001 ). Rescue is not always evenly spread across the whole retina: this is particularly pertinent in the case of cell based treatments and creates a problem when using averaging methods such as full field ERG for measuring efficacy. During the course of photoreceptor degeneration, there is a more rapid loss of rods and a slower depletion of cones. Rod function in RCS rats is already compromised by P21 (Girman, Wang, & Lund, 2004; Pinilla, Lund, & Sauvé, 2004) while cone function starts declining only after P44 (Pinilla et al., 2004) and persists to late degenerative stages (Bush, Hawks, & Sieving, 1995; Cicerone, Green, & Fisher, 1979; Noell & Salinsky, 1985) . Since rescue treatments may have a differential effect on these two populations, it is essential to monitor individual rod and cone-related changes noninvasively, especially when the rescue does not encompass the whole area of retina.
The current study was undertaken with the aim of being able to assess rod and cone function over time and ideally also to predict anatomical findings following subretinal injections of cells to limit photoreceptor loss in RCS rats. To achieve this, ERG analysis was used under dark-adapted conditions to record first the mixed rod and cone full field response and then by giving a preflash, the cone-mediated response. The rod response was determined by subtracting the cone response from the mixed response (Birch, Hood, Nusinowitz, & Pepperberg, 1995; Lyubarsky, Falsini, Pennesi, Valentini, & Pugh, 1999; Nixon, Bui, Armitage, & Vingrys, 2001; Pinilla et al., 2004 ). This approach made it possible to monitor changes in rod and cone-related responsiveness simultaneously over time in untreated RCS rats (Pinilla et al., 2004) . We found that the ERG b-wave changed from being predominantly rod-driven to being purely cone-driven by P74.
In the present study we have examined the changes in rod and cone contribution to the ERG over time after subretinal cell injections of human RPE cells and correlated this functional data with the anatomically defined proportion of rods and cones within the retina, both in the area best protected by the injected cells and more distant.
Methods

Animals
A total of 14 dystrophics RCS rats (rdy + p + ) that had received preventive subretinal injections of the ARPE-19 cell line at P21, were used in this study. At P59, the relative contribution of the rod and cone input to the ERG b-wave was examined using a double flash protocol. At P90, this test was repeated in 10 animals, while the remaining four animals were perfused and their retinas examined with immunohistochemistry. Additional unoperated rats from previous work (Sauvé et al., 2003) provided reference control material. All animals were bred in a colony at the University of Utah, and maintained under a 12 h light/dark cycle (light cycle mean illumination: 30 cd/m 2 ). The animals were housed and handled with the authorization and supervision of the Institutional Animal Care and Use Committee at the University of Utah. Experiments were carried out in accordance with the Guidelines laid down by the NIH regarding the care and use of animals for experimental procedures; adequate measures were taken to minimize pain and discomfort.
Donor cell treatment
At age P21, animals received trans-scleral subretinal injections of a suspension of a human RPE cell line (ARPE-19, available from the ATCC, American Tissue Culture Collection; reference number: CRL-2302) as previously described (Lund et al., 2001) . Injections were made to the mid-temporal region of the right retina. Animals received daily intraperitoneal dexamethasone injections for 14 days (85 mg/kg), and were all maintained on oral cyclosporin A for the length of the experiment to limit human cell line rejection.
Electroretinogram recordings
The dark adapted ERG was recorded as previously described (Sauvé, Lu, & Lund, 2004) . A double flash protocol was used to isolate cone responses. A conditioning flash was followed 1 s later by a probe flash. The role of the conditioning flash in this paradigm is to saturate rods transiently so that they are rendered unresponsive to the probe flash (Lyubarsky & Pugh, 1996; Lyubarsky et al., 1999; Nixon et al., 2001 ). The probe flash was set at 1.4 log cd s/m 2 , since it gave optimal a-and b-wave amplitudes in both non-dystrophics and dystrophics (aged from P21 to P100) when presented alone . The intensity of the conditioning flash for complete rod bleaching was set to 1.4 log cd s/m 2 for all tests. This was based on preliminary observations using a range of luminance levels. The response to a probe flash (1.4 log cd s/m 2 ), preceded by the conditioning flash, was taken as reflecting conedriven activity. The mixed b-wave was obtained by presenting the probe flash alone, i.e. without being preceded by a conditioning flash. Averages of 3-5 traces (set at 2 min apart to assure full recovery of rod responsiveness) were sufficient to obtain clear responses.
The proportion of cone contribution to the mixed b-wave was based on the ratio of cone b-wave amplitude over mixed b-wave amplitude.
Finally, since variation in electrode placement can alter the amplitude of the b-wave by up to 30-40% (see review by Nusinowitz, Ridder, & Heckenlively, 2002) , special care was taken to maintain the same position in all animals.
Immunostaining
At age P90, four of the animals were euthanized with a lethal dose of urethane (12.5 g/kg i.p.) and perfused transcardially with phosphate buffered saline (PBS). Eyes were enucleated, the eyecups fixed in 2% paraformaldehyde in 0.1 M PBS at pH 7.4 for 1 h and washed in 0.1 M PBS before cryoprotection in 10% sucrose for 1 h, 20% sucrose for 1 h and 30% sucrose overnight at 4°C. On the next day, the eye cups were embedded in OCT and horizontal sections cut at 10 lm thickness using a cryostat, and mounted on glass slides. Sections were incubated in 10% normal goat serum (Jackson, West Grove, PA) to avoid non-specific staining. Without washing, they were immuno-stained with anti-cone transducin c rabbit polyclonal antibody (Cytosignal, Irvine, Ca) diluted 1:500 in PBS containing 0.5% Triton X-100. Sections were incubated overnight at room temperature, washed in 0.1 M PBS, and transferred to a secondary antibody (goat anti-rabbit IgG coupled to fluorescein isothiocyanate, FITC) in a 1:100 dilution in 0.1 M PBS 0.5% Triton X-100, for 1 h. Finally, the sections were washed in 0.1 M PBS, mounted in watermount (Vector Labs) and coverslipped for viewing by confocal microscopy (Zeiss LSM 510). Pinholes were 95 mm and the zoom was always set at 1.4. To control for non-specific staining, some sections were stained without presence of the primary antibody.
Estimate of cone proportion
A single horizontal retinal section through the center of the area of maximal rescue, adjacent to the injection site, was used for each animal. Five windows (160 · 160 lm) were selected for each section: one central to the site of injection (defined as the site with cellular changes caused by the injection needle), two on each side of the site of cell injection (at levels where debris started to be seen) and two in the periphery of the retina, temporally and nasally, respectively. The images were generated by projecting four single frames, separated by 1 lm (0.95-1.05 lm) in depth. Colour TIFF images were converted to black and white, and contrast enhanced using Adobe Photoshop software. The number of cone and rod cell bodies was counted in each window in order to obtain the proportion of cones over total number of photoreceptors. Photoreceptors were counted by two different observers.
Statistical analysis
Mann-Whitney U-test was used to compare the counts obtained from the two independent observers, and possible correlations were examined using Spearman Correlation analysis. Kendall rank analysis was used to compare ranking of the 10 animals at two time points. Linear regression was used to obtain the coefficient of determination, r 2 (values represent the adjusted value) and the significance level ''p'' of the correlation between ERG and anatomical data in four animals. All statistics were calculated using StatView software (SAS Institute Inc.). Significance was set at p 6 0.05.
Results
In all 14 animals that had received subretinal cell injections, the mixed b-waves varied one from another ( Fig. 1 and Table 1 ) with respect to amplitude and implicit time latency. Observation of the wave forms from the 10 animals recorded longitudinally (Fig. 1) indicate that there are two different patterns in the temporal aspect of the mixed b-wave: three traces show prolonged latency (#1, 5, and 6) with 2 of the 3 traces (#1 and 5) having minimal rod contribution to the mixed b-wave and low amplitude response at P90. The rest (7 out of 10) have shorter latencies, larger rod contribution to the mixed b-wave and more prominent oscillatory potentials.
There was no consistent relationship between the proportion of cone input to the mixed b-wave and the amplitude of the mixed b-wave. This included animals with pure cone contribution to the mixed b-wave.
There was deterioration in ERG responsiveness from P59 to P90 (Fig. 1) seen as an absolute diminution in b-wave amplitude and increase in the proportion of cone contribution to the mixed b-wave (Table 1) . This latter proved to be a reliable predictor of ranking with age. The ranking among animals, according to the proportions of isolated cone b-wave to the mixed b-wave, was the same at the P59 and P90. Values at P59 were: 32%, 37%, 41%, 43%, 47%, 63%, 65%, 68%, 87%, and 95%. Values at P90 for the same animals, presented in the same order were: 62%, 75%, 83%, 79%, 84%, 91%, 91%, 100%, 100%, and 100% (p = 0.005 using Kendall rank analysis).
In the four animals tested with ERG at P59 (Fig. 2 ) and used for anatomical studies at P90, mixed b-waves had amplitudes of 168, 30, 116, and 114 lV, respectively for animals #11 to #14 ( Table 2 ). The corresponding absolute amplitudes of isolated cone b-waves were 109, 30, 66, and 41 lV, giving proportions of isolated cone b-wave to the mixed b-wave of 65%, 100%, 57%, and 36%, respectively. Fig. 3 illustrates transducin immunostaining at P90. Cones, including their cell bodies, inner segments, and pedicles in the outer plexiform layer, were heavily stained. There was light non-specific staining outlining the rod cell bodies, allowing these cells to be quantified. This antibody also recognized specific subtypes of cone bipolar cells; these cells lay in the inner nuclear layer (INL) and were excluded from this study. There were no statistical differences between counts obtained from the two independent observers (U-test p > 0.05; Spearman correlation r = 0.98). The average from both counts was used. For each window, the absolute number of cones varied from 1 to 15 and rods from 15 to 203. The total number of photoreceptors was highest in the areas of retina adjacent to the injection site, due largely to greater rod preservation; this led to a lower proportion of cones in such areas.
The correlation levels between the cone contribution to the mixed b-wave and cone proportions determined in specific retinal areas following preventive subretinal cell injection are shown in Table 1 . Correlations reached statistical significance for areas of maximal rescue immediately adjacent to the injection site. Highest levels of statistical significance were obtained when considering averages from all five regions, which also gave the highest coefficient of determination. No correlations were seen when considering areas from either temporal or nasal retinal periphery alone.
Discussion
Summary and relevance of findings
The present study shows that: (1) there are differential changes in rod and cone function following transplantmediated photoreceptor rescue, which have a counterpart with findings of early rod deterioration in RCS rats (Davidorf et al., 1991; Dowling & Sidman, 1962; Peng, Senda, Hao, Matsuno, & Wong, 2003) ; (2) the assessment of cone/rod ratio is a better indicator of functional rescue than is the absolute amplitude and this overcomes the problem of variable area of retina rescued; and (3) the anatomical rescue of rods is not in concert with rod ERG responses but correlates more closely with the measured ratios. This is in accord with previous light and dark adaptation studies (Girman et al., 2004) showing poor rod function in RCS rats following preventive subretinal cell injections and perhaps is a sign of the interdependence of rods and cones involving some mechanism such as diffusible factors, as proposed by Mohand-Said et al. (Mohand-Said, Hicks, Dreyfus, & Sahel, 2000) .
Recent studies on untreated RCS rats (Pinilla et al., 2004) have demonstrated that the cone/rod ERG ratio increases with the progression of retinal degeneration in RCS rats. Since the rationale of using preventive subretinal transplantation is to slow degeneration, then the maintenance of a lower cone/rod ratio should predict a more sustained preservation. Furthermore, anatomical studies have shown that the progression of retinal degeneration in RCS rats is also accompanied by an increase in the number of cones versus rods at the anatomical level (Cicerone et al., 1979; Peng et al., 2003) .
ERG results
The validity of quantifying cone function under scotopic adaptation (which is conducive to the simultaneous assessment of rod and cone function), using a double flash protocol, was verified by comparing the present results with results obtained using single flash ERG under photopic adaptation (Sauvé, Pinilla & Lund, unpublished results) .
The variations in amplitude and latency of the mixed b-waves recorded here are similar to the variations between recordings in untreated animals (Pinilla et al., 2004) , and this might reflect differences in the rate of retinal degeneration between animals. In addition, the outcome of subretinal cell injections on anatomy and function is likely to vary between animals due to factors such as the extent of retinal detachment produced by the subretinal injection, the number of cells remaining in that space, the duration of survival of the donor cells, and their effect on host cells.
In addition to the low proportion of rods, a prolongation in b-wave latency, is also indicative of more advanced stages of degeneration (Berson, Gouras, & Hoff, 1969) . With the progression of the degeneration, untreated RCS rats show increased b-wave latencies that are more pronounced for cone rather than rod contribution of the b-wave (see traces in Fig. 4 of Pinilla et al., 2004) . A delay in b-wave implicit time might reflect a poor or absent rescue effect of the cell injections in addition to more rapid baseline degeneration. Some retinal degenerations produce changes in b-wave implicit time before changes in amplitudes (Berson et al., 1969) .
The results do show a degree of deterioration in retinal function with time. Similar deterioration has been found in previous studies, in which the area of higher sensitivity becomes more confined over time (Sauvé et al., 2003) and in behavioral studies in which the acuity decreases with age post-injection . Ranking is from the lowest to the highest percentage of cone contribution to the mixed b-wave. Nevertheless, while the ERG b-wave can only be rescued up to P150 in animals that had received preventive injections, visual responses can still be elicited centrally at this age, measured both physiologically and behaviorally (Coffey et al., 2002; Lund et al., 2001; Sauvé, Girman, Wang, Keegan, & Lund, 2002) .
Correlation between ERG function and anatomy
Correlations were seen for areas in the center and adjacent to the injection site: these areas tended to have the highest number of photoreceptors. Comparison between ERG results and anatomical observations from all areas achieved the highest correlation. This might be related to the fact that the ERG reflects activity from the whole eye and implies that remaining cones might be functional. Furthermore, despite the anatomical observation that the highest proportion of cones reached only 15.6% in individual retinal areas studied, and 12.6% for averaged areas (from the same animal), the corresponding functional data indicated that more than 80% of rods made no contribution to the b-wave. One possible explanation is that rods do not establish a normal relationship with the implanted RPE cells, sufficient to achieve cycling of photopigments. Cone function may be preserved because evidence suggests that their photopigment cycling can occur in partnership with Mü ller cells (Mata, Radu, Clemmons, & Travis, 2002) .
Conclusion
The present results validate the use of the double flash ERG to assess cone preservation as a result of cell based therapy, and show that cone/rod functional ratios provide a good indicator of the relative rescue of cones as determined anatomically.
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